Long bone fractures are common injuries in the canine patient. The aims of this study were to determine whether the fatigue properties of an interlocking nail construct are influenced by metaphyseal or diaphyseal location of the locking bolt and to evaluate fatigue properties of locking bolts in metaphyseal and diaphyseal bone under axial and torsional loading. Paired femora from 20 skeletally mature dogs were implanted with a 6-mm diameter, model 11, interlocking nail (ILN) and locked with a 2.7 mm bolt placed in either the diaphysis or metaphysis. Constructs were tested in axial loading (10 pairs) or torsion (10 pairs) to failure (defined as displacement >2 mm or a total of 500,000 cycles for axial loading, and rotation >45° degrees for torsional loading.) Outcome measures included initial construct stiffness, number of cycles to failure, peak load and peak torque. Microradiography and histology were used to determine the location and nature of construct failure. Metaphyseal bolts failed at higher axial loads than diaphyseal bolts, with bolt failure due to bending at the nail-bolt interface. All metaphyseal constructs were intact after torsional loading with no evidence of fracture of the bone or the bolt whereas 9 of 10 diaphyseal constructs failed catastrophically due to spiral fracture through the adjacent cortical bone. Placement of a locking bolt in metaphyseal bone extends fatigue life under axial loading and decreases the incidence of catastrophic failure under torsional loading. Therefore when inserting an interlocking nail for repair of long bone fractures, efforts should be made to obtain firm seating of at least one locking bolt in metaphyseal bone.
Bones are an essential part of every vertebrate animal. They provide the scaffolding for muscle attachments and allow for strength and movement. As such, bones are routinely subjected to physiologic forces and occasionally supra-physiologic forces.
Four forces primarily act upon bones during any given moment. These include: axial compression, axial tension, bending, and torsion. Bones may adapt to both physiologic and non-physiologic forces over time, however fractures are more commonly due to an acute episode of non-physiologic forces acting upon a bone, such as during a fall or vehicular accident. These supraphysiologic forces exceed the ultimate strength of the bone, resulting in bone failure, often in a predictable fashion. The fracture configuration and degree of soft tissue trauma are due to the direction and magnitude of the force that is applied to the bone. Ideal methods of fracture repair often depend on the fracture configuration and the biologic environment of the bone. Approximately half of all long bone fractures in dogs and cats involve the femur. Furthermore, femoral fractures reportedly have the highest incidence of nonunion and osteomyelitis of all fractures in canine and feline patients 1 .
There are four main principles of fracture repair set forth by the and repair has been associated with high union rates as well as low complication rates [14] [15] [16] [17] [18] . Complications reported with interlocking nail stabilization for long-bone fractures include nail breakage, screw or bolt deformation or breakage, misplaced screws or bolts, delayed or nonunion, bone fracture, and sciatic neuropathy 8, 14, 19, 20 .
The location of the interlocking nail within the medullary canal provides a biomechanical advantage over repair techniques 8, 9, 12 which are applied to the outside of the bone, because the interlocking nail is positioned along the neutral axis of the bonenail construct. Resistance to bending forces depends on the diameter of the nail, and therefore the largest nail diameter that fits into the medullary canal should be selected. In vitro studies of canine femoral fractures stabilized with an interlocking nail found them to be strongest under bending loads and weakest in torsional loading. Torsional strength of the construct was approximately 5-20% of intact bone 21 .
In veterinary surgery, interlocking nails are used for fracture repair in a static nailing technique, in order to provide the greatest possible stability at the fracture site.
Static nailing refers to insertion of locking screws or bolts in both the proximal and distal fragments to prevent fracture collapse and rotation. In comparison, dynamic nailing refers to the insertion of locking screws or bolts in both the proximal or distal fracture fragments at the time of surgery and later removal of these locking screws or bolts (dynamization) in order to allow increased load transmission across the fracture site.
Dynamic nailing is more frequently utilized in humans, whereas difficulty with postoperative exercise restriction has limited the use of this technique in veterinary patients [21] [22] [23] . 13 . The closer the fracture is to the distal locking screw, the less cortical contact the nail has, which leads to increased stress on the locking screw. Furthermore, the fracture becomes more rotationally stable the farther the distal locking screw is from the fracture site because of friction of the nail within the medullary cavity 28 . Wu et al.
described the incidence of interlocking nail failure based on fracture location within the femur: 4.9% failure in the proximal one-third, 1.9% failure in the mid-diaphysis, and 8.2% failure in the distal one-third of the femur 29 . Factors which may increase the incidence of failure in the distal femur include stress concentration around screw hole and nail slot, nicking of the nail during drilling of the screw holes, the "fracture-locking hole" distance is decreased, and longer loading over the proximal femur 13, 22, 27, 29 . 
Introduction and hypotheses:
The development of innovative techniques to enhance the rate of fracture healing and minimize post-operative morbidity continues to be an area of intense research activity in both human and veterinary orthopedics. Over the past two decades, there has been a paradigm shift from using maximally invasive surgical approaches and anatomic fracture reduction towards a more biologic approach to fracture treatment with smaller incisions and minimal to no disruption of the fracture site itself. From a biomechanical perspective, locked ILN provide greater resistance to torsional forces than plates and standard intramedullary pins. 8, 12 They also provide superior fatigue resistance and bending stiffness compared with standard plate fixation. 42 Resistance to bending depends on the area moment of inertia (AMI), a structural property describing the geometric distribution of material within a given implant design. 5 The AMI of a solid 6-mm diameter ILN is almost four times that of a 3.5 mm dynamic compression plate when the neutral axis is defined in a plane perpendicular to the holes in the ILN. 5, 43 Since they are positioned along the neutral axis of the bone-implant construct, ILNs are less susceptible than a conventional plate to failure from cyclic axial, torsional, and bending loading. 19 This effect is magnified when complete anatomic reconstruction of the fracture is not possible, making ILNs particularly well suited for comminuted diaphyseal fractures of the humerus, femur and tibia. 2 The AMI is reduced by the presence of unfilled holes in either the bone plate or the ILN; additionally, unfilled screw holes serve as a potential stress concentrator and have been associated with failure of the ILN failure when the empty hole is located close to the fracture line. 21 The decrease in AMI associated with screw holes can be minimized by decreasing the size of the hole in the ILN; for example, reduction of the hole from 3.5 mm to 2.7 mm increases the fatigue life by a factor of approximately 52. 42 However, it is important to note that the use of smaller diameter screws may itself be problematic since the bending stiffness of a screw is determined in part by its core diameter. 5 Size-for-size, locking bolts are stiffer and stronger than screws because they have a larger core diameter; additionally, recent data indicate that nails locked with bolts experienced approximately significantly less deformation than if locked with screws. 44 Under axial loading, locking bolts are subjected to four-point bending forces 10 and the principal mode of failure is by bolt bending or complete breakage. The loads to which locking bolts are exposed depend in part on the diameter of the nail and the location of the fracture. For a transverse mid-diaphyseal femoral fracture, there is usually significant contact between the nail and the cortex at the level of the isthmus and this will tend to unload the distal interlocking bolt. In contrast, the stability of comminuted or oblique mid-femoral fractures, or fractures that involve the proximal or distal metaphysis, will depend more on the locking bolt.
Given the significant role of the locking screws or bolts in determining the mechanical performance of the bone-ILN construct, we previously performed an investigation into the fatigue properties of 2.7 mm locking screws in a 6-mm diameter ILN construct. 45 This study identified an inverse relationship between the diameter of the bone and the fatigue life of the locking bolt under axial loading. Furthermore, for a given bone diameter, eccentric loading of the locking screw resulted in an increase in fatigue life as compared with central loading of the screw. In the current study, we sought to extend these observations to locking bolts. The purpose of the current study was therefore to evaluate the fatigue life of 2.7-mm-diameter cortical bone locking bolts used in a 6-mm-diameter interlocking nail placed in the canine femur. We hypothesized that the location of a locking bolt would have a significant influence on its fatigue life.
Specifically, we hypothesized that bolts placed in the narrower diaphysis would show improved fatigue properties compared to bolts placed in the wider metaphysis.
Additionally, we hypothesized that nails placed eccentrically within the medullary canal would exhibit improved fatigue properties under axial loading.
Materials and Methods:

Specimen Collection and Preparation
Twenty pairs of femora were harvested from skeletally mature dogs that were euthanatized for reasons unrelated to this project. The soft tissues were removed and the femora wrapped in saline-soaked towels for storage at −20°C. Femora were thawed to room temperature prior to testing and the bones were kept moist with saline irrigation throughout testing.
Craniocaudal radiographs of the bones were obtained before interlocking nail insertion in order to confirm physeal closure and to document the length of each femur 
Biomechanical Testing
For torsional testing, the proximal end of the nail was secured to the crosshead and a compressive pre-load of 10N was applied to remove the initial compliance For axial testing, the proximal end of the ILN was secured to the crosshead of a servohydraulic materials testing system (Model 858 Bionix servohydraulic materials testing frame; MTS Systems Corp, Eden Prairie, MN) using a Jacob"s chuck. The potted end of the specimen was secured to the base of the materials testing frame (Figure 2 .2b).
The ILN was then axially loaded throughout the range from 70N to 700N, at a rate of 10
Hz. The number of cycles to failure was recorded, with failure defined as 2 mm of axial displacement. For constructs that did not fail, testing was concluded after a total of 500,000 cycles. A B
Post-Testing Evaluation
Craniocaudal and mediolateral radiographs were obtained immediately after testing. The bone was then sectioned transversely to isolate a cylindrical bone specimen containing a short length of ILN and the locking bolt. The bone specimens were fixed in neutral buffered formalin, dehydrated through an alcohol series and embedded in polymethyl methacrylate (Appendix), then sectioned in either the coronal plane (for bones subjected to axial loading) or the transverse plane (for specimens subjected to The following parameters were measured under the light microscope: bone diameter, cortical thickness, diameter of the medullary canal, and the maximum and minimum lengths of unsupported bolt within the medullary canal. The maximum and minimum unsupported lengths were then used to calculate a "Centralization Ratio" to describe the relative position of the nail along the span of the locking bolt. A centralization ratio >0.80 was considered to be representative of a well centered nail and a centrally loaded bolt, whereas ratios <0.80 were representative of an off-center nail and an eccentrically loaded bolt.
Statistical Analysis
Number of cycles to failure, torsional stiffness, peak torque and torque to 20 degrees were compared in diaphyseal versus metaphyseal constructs using a paired Student"s t-test. Failure rates in the axial fatigue test specimens were compared with the Fisher"s exact test. Differences in fatigue life for centrally and eccentrically loaded bolts were determined using an unpaired Student"s t-test. A significance level of p<0.05 was used throughout.
Results:
Biomechanical Testing
Axial tests: Data from one axial loading specimen was lost due to technical problems associated with the MTS machine, leaving a total of nine paired specimens for analysis. The mean number of cycles to failure was significantly greater for specimens that were locked with a metaphyseal bolt (p=0.03) ( Table 2. 2). The torque required to generate 20 degrees of angular displacement was greater in the diaphyseal specimens (p<0.05). All ten of the metaphyseal constructs were intact after torsional loading, compared with only 1 of 10 diaphyseal specimens (p<0.0001). The nine diaphyseal specimens that failed all did so as a result of a spiral fracture through the drill hole, typically through the hole in the trans-cortex (Figure 2.3) . 
Mode of Failure Analysis
Axial tests: None of the specimens failed catastrophically but there was evidence of bolt deformation consistent with three-point loading of bolt through the nail for constructs with a metaphyseal bolt (Figure 2 .4a to 2.4c) or a diaphyseal bolt (Figure 2.4d to 2.4f).
Torsional tests: All 10 of the specimens locked with a metaphyseal bolt had evidence of deformation at the nail-bolt interface (Figures 2.5a to 2.5c). All of the bolts bent, but none pulled out of bone and none of the bolts broke. Nine of the diaphyseal specimens failed catastrophically as a result of a spiral fracture through the drill hole for the bolt (Figures 2.5d to 2.5f). 
Influence of Nail Position within the Medullary Canal
On the basis of previous work that documented improved fatigue properties when locking screws are loaded eccentrically 24 we were interested to see whether a similar relationship was evident in the axial fatigue tests that were performed with these locking bolts. In diaphyseal specimens, centralization ratios of <0.8, indicative of an eccentrically loaded bolt, were associated with increased fatigue life (p<0.01) compared with centrally loaded specimens with centralization ratios of >0.8. In metaphyseal specimens, the situation was reversed, with centrally loaded bolts exhibiting significantly increased fatigue life than eccentrically loaded bolts (p<0.05) (Figure 2 .6). specimens with centralization ratios less than or greater than 0.8.
Discussion
Predictably successful fracture healing depends on the development and maintenance of biological and mechanical conditions that favor new bone formation.
Traditional concepts of rigid internal fixation seek to control the mechanical environment at and around the fracture site on the basis that excessive interfragmentary motion delays bone healing. 2, 11 However, it has also been shown that controlled micromotion stimulates new bone formation and enhances the healing of long bone fractures. In an earlier study, we determined that the location in which a locking screw is placed (metaphyseal vs. diaphyseal) affects the fatigue properties of the screw. 45 The current study sought to determine whether a similar effect held for locking bolts. We hypothesized that bolts placed across the relatively wider metaphysis would exhibit reductions in fatigue life. However, the results from the current in-vitro study clearly demonstrate that locking bolts placed in metaphyseal bone provide greater resistance to failure in acute torsional loading and improved fatigue life in axial loading. These data do not support the original hypothesis. The most likely explanation for this outcome is that the initial in-vitro tests reported by Aper et al. 45 were performed using hollow aluminum tubing as a bone surrogate. While this set-up likely provided a reasonable model of a cylinder of cortical bone (as in the diaphysis) it may be less representative of metaphyseal bone, which is rich in cancellous bone. If the earlier observation of an inverse relationship between bone diameter and fatigue properties holds true, then the current finding of increased fatigue properties for bolts in the metaphysis suggests that the nature of the bone is more significant than bone diameter per se as a determinant of mechanical performance under axial loading. There was a significant difference between cortical thickness in diaphyseal and metaphyseal specimens (p=0.0002 for axial-loaded specimens; p=0.0001 for torsional-loaded specimens). The increased cortical thickness of the diaphyseal specimens may result in a stiffer construct with a lower yield point leading to catastrophic failure of the bone.
The second hypothesis behind this study, namely that bolts loaded in an eccentric fashion would support higher loads, was supported by the experimental data from diaphyseal specimens but not for metaphyseal specimens. This difference may reflect the differences in load transfer that likely exist in the two locations. Within metaphyseal bone, loads applied through the nail to the bolt are dissipated into the surrounding cancellous bone, thereby reducing load transfer from the bolt to the cortex. In contrast, in diaphyseal locations, load is transferred directly from the bolt to cortical bone, leading to stress concentrations and an increased risk of catastrophic material failure of the bone.
Eccentric placement of the nail may magnify the risks of catastrophic material failure of the bone by increasing stress concentrations at the cortex and changing the lever-arm of the interlocking nail construct. The degree to which an ILN is centered within the medullary canal can be hard to control and will likely vary depending on the geometry of the bone (femur vs. tibia vs. humerus) and the location at which alignment is measured (for example, an ILN placed centrally along the long axis of the tibial shaft will be positioned to the medial side of the midline within the proximal tibial metaphysis).
Nevertheless, the results from this study suggest that failure to centralize a nail within the metaphysis is unlikely to increase the risk of subsequent failure of the locking bolt.
There are a number of limitations with a study of this type. Firstly, the testing was performed on cadaveric specimens and, as such, do not incorporate the potential effects of bone remodeling around the ILN or locking bolt. Our decision to focus on cyclic axial testing was based on the fact that axial compression is recognized as an important component of the mechanical environment to which ILN constructs are exposed in vivo 10,49 and because we wanted to be able to compare data from these whole-bone tests with earlier published data from bone surrogates. 45 Monotonic torsional tests were used to characterize the acute torsional properties of the ILN construct but cyclic tests were not used because the available clinical data suggest that physiologic torsional loads do not play a significant role in fatigue failure of ILN. 8, 21 In future studies, it would be interesting to investigate the effects of bending loads, as has been reported elsewhere. 44 The cyclic axial tests were stopped after 500,000 cycles rather than continued to the point of failure, and the mechanical test data from specimens that did not fail should therefore be considered estimates of the minimum fatigue life for a particular specimen, rather than an absolute measure of the maximum fatigue life that might be expected under real-life conditions.
The torsional tests were conducted under displacement control and continued to the point of failure, with continuous monitoring of the applied torque. In each of the tests there was evidence of initial slack due to incongruity between the bolt and the hole in the nail; however, once the bolt engaged with the edges of the hole, load transfer occurred and the extent of angular displacement was linearly related to the applied torque. There was no significant difference in the initial stiffness recorded from the two constructs when tested in torsion. Nine of 10 bones locked with a diaphyseal bolt failed as a result of spiral fracture through the cortical hole (most often originating in the trans-cortex) whereas all of the metaphyseal specimens failed as a result of bolt deformation. Spiral fractures are not a common cause of ILN failure in clinical practice, but screw or bolt bending and breakage is an important cause of failure. 18, 21, 50, 51 While there is no clear evidence that screw bending or breakage per se has any significant negative impact on fracture healing, the removal of ILN with bent or broken screws can be complicated. 51 In their in-vitro studies comparing ILN locked with either one or two distal screws, Reems et al. 30 showed that the risk of screw failure was higher for the distal locking screw, with 4 of 8 (50%) of the 2-screw constructs and 7 of 8 (87.5%) of the 1-screw constructs exhibiting complete breakage of the distal screw. In a clinical setting, ILN are typically used with two locking bolts but this may not always be possible, particularly for fractures that are located in the distal diaphysis or metaphysis. Computational models have shown that strains on the distal screw can be reduced if the ILN is inserted into dense subchondral bone since the cancellous bone serves to reduce load transfer to the screws. 13 In conclusion, the results from this study demonstrate that the fatigue life of bolts used to lock a 6-mm diameter ILN is increased if bolts are placed in metaphyseal rather than diaphyseal bone. Whenever possible, ILN should be placed as distal (or proximal) as possible in order to ensure that at least one distal bolt can engage the metaphyseal bone.
